Abstract. Transmission electron microscopy (TEM) was used to characterize the colonization patterns of 3 pathogenic Escherichia coli strains: PD58 and PD149 of the AIDA-I/STb/EAST1 pathotype, serogroup O: ND (not determined), and PD31 of the LT/STb/EAST1 pathotype, serogroup O149. These strains were isolated from diseased piglets and caused diarrhea in experimentally inoculated, newborn, colostrum-deprived pigs. In this study, intestinal tissues from newborn pigs experimentally infected with a high inoculum (20 ml containing 10 10 cfu) were harvested and examined for bacterial colonization using light microscopy. A nonaqueous perfluorocarbon fixation method was used to preserve the glycocalyx of the microvillus border in tissues collected for TEM. Transmission electron micrographs revealed that E. coli strain PD149 displayed long flexible fimbrialike structures that intimately attached the bacteria both to the microvillus border of the upper colon and to adjacent bacteria. In vitro, this strain demonstrated the localized adherence pattern to HEp-2 cells characteristic of enteroaggregative E. coli (EAggEC). Both PD58 and PD31 strains colonized the upper colon through the formation of a biofilm, also characteristic of EAggEC. Strains PD58 and PD31 adhered poorly to HEp-2 cells in vitro, although these demonstrated a colonization pattern suggestive of diffuse and aggregative adherence, respectively. These findings suggest that strains PD58 and PD149, expressing the AIDA-I, factor and strain PD31 represents hybrid pathotypes of diarrheagenic E. coli and that they probably cause diarrhea in piglets through differing mechanisms.
Diarrhea is one of the most common problems affecting neonatal pig survival worldwide. The highest incidence of clinically relevant diarrhea occurs in the first 3 to 5 days of life, and enterotoxigenic Escherichia coli (ETEC) is the most common agent identified. 1, 10, 20 Piglets are exposed to massive numbers of bacteria at the time of birth. The majority of these are nonpathogenic anaerobes, but potentially pathogenic E. coli are also present. The pH of the stomach and the duodenum at birth is relatively alkaline and few digestive enzymes are produced, allowing a favorable environment for bacterial growth. 8 Enterotoxigenic E. coli colonize the small intestine of the piglet in the first few hours of life by attaching or tethering to the microvillus border of the enterocytes with one of the ETEC fimbrial factors F4 (K88), F5 (K99), F6 (987P), F18, or F41. 5 The bacteria then produce 1 or more of 3 enterotoxins, heat-labile toxin (LT), heat-stable toxin 'a' (STa), or heat-stable toxin 'b' (STb), which act directly on enterocytes through different pathways to stimulate a net secretory watery From the Department of Veterinary Pathology (Pritchard, Middleton) and Prairie Diagnostic Services (Ngeleka) , Western College of Veterinary Medicine, University of Saskatchewan, 52 Campus Drive, Saskatoon, Saskatchewan, Canada S7N 5B4. 1 Corresponding Author: Jane Pritchard, Department of Veterinary Pathology, Western College of Veterinary Medicine, University of Saskatchewan, 52 Campus Drive, Saskatoon, Saskatchewan, Canada S7N 5B4. diarrhea 8 with accompanying dehydration, electrolyte imbalances, including hyperkalemia, and acidosis. It is the combination of these pathophysiological changes that often results in the death of a piglet.
In an increasing number of cases of enteric colibacillosis in piglets, ETEC strains isolated in the bacteriology laboratory of Prairie Diagnostic Services at the Western College of Veterinary Medicine (WCVM, Saskatoon, SK, Canada) lack the expression of the common attachment factors (F4, F5, F6, F18, F41, and E. coli attaching and effacing or eae). 13 These attachment factors are integral in the pathogenesis of diarrhea associated with ETEC and are the focus for the development of protective vaccines used to induce antibody titers in sows and gilts for the transfer of protection to the neonatal pigs by way of the colostrum.
In this experiment, several diarrheagenic field isolates of E. coli producing at least 1 toxin (STa, STb, or LT) but with none of the common ETEC attachment factors were studied. 13 Pathogenicity of the strains was confirmed through inoculation of conventionally derived, colostrum-deprived, neonatal pigs. Interestingly, 2 of the 3 strains chosen expressed the adhesin involved in diffuse adherence (AIDA-I) associated with diarrhea in children. 3 The proximal colon was selected for examination by transmission electron microscopy (TEM) because it was the only consistent site of colonization in tissues examined by light microscopy for all 3 strains. The interaction of the E. coli bacteria with the microvillus border of enterocytes and the mode of colonization were characterized.
The highly fragile glycocalyx of the microvillus border of the intestinal tract, where adhesion of ETEC to enterocytes takes place, contains the domains of glycoprotein mucins with which bacterial adhesins interact. A nonaqueous method of fixation combining a perfluorocarbon a and osmium to obtain the best possible preservation of the glycocalyx in the intestinal sections harvested for TEM was used. 16 Glutaraldehyde fixation of duplicate tissues was carried out so that these tissues were available for processing in the event that the nonaqueous perfluorocarbon-fixed tissues proved unsuitable.
Materials and methods
Animal model. Conventionally derived, colostrum-deprived, newborn pigs were obtained from a commercial high-health swine operation. At delivery, piglets from several induced gilts and sows were lightly sprayed with an iodine and alcohol preparation, b and the navel was clamped with an autoclaved navel clip. Each piglet was then placed under a heat lamp, in a disinfected c plastic tub. The piglets were then transported and transferred to disinfected, c environmentally controlled containment rooms in the Animal Care Unit at the Western College of Veterinary Medicine.
The piglets were weighed, their sex identified, marked with permanent ink numbers on the back, and randomly assigned to 1 of 5 test groups of 2 using a computer-generated list of random numbers. The piglets were fed a commercial pig milk replacer d based on a previously described regimen. 7 Intervals between feeding and observations of the piglets were never longer than 4 hr. The piglets were handled in accordance with the guidelines set forward in The Guide to the Care and Use of Experimental Animals of the Canadian Council on Animal Care.
Bacterial strains. Three E. coli strains isolated from piglets with diarrhea were selected for this study. Strains PD58 and PD149 (serogroup O:ND) belong to pathotype AIDA-I/ STb/EAST1 and were isolated from neonatal and postweaned pigs, respectively. Strain PD31, pathotype LT/STb/ EAST1, has similar characteristics as ETEC serogroup O149 but lacks the F4 ETEC-related fimbriae and was isolated from neonatal pigs. All strains induced diarrhea in experimentally infected, colostrum-deprived, newborn pigs. 13 Strain PD30, an ETEC isolate of the F4/LT/STb/EAST1 pathotype, serogroup O149, and strain PD71 of the EAST1 pathotype were used as positive and negative control strains, respectively.
Bacterial culture conditions and experimental inoculation of piglets. Each bacterial strain was cultured in 5 ml of tryptic soy broth e (TSB) and incubated for 18 hr at 37 C while being shaked. The culture was centrifuged at 1,750 ϫ g and resuspended in 0.1% peptone water f to a concentration of approximately 10 10 cfu/ml. A rectal swab was taken from each piglet 2 hr after placement in the Animal Care Unit for preinoculation bacterial culture, and then the piglets were inoculated using a stomach tube with 20 ml of the peptone water suspension containing 10 10 cfu of the appropriate E. coli strain.
Preinoculation rectal swabs and portions of ileum collected at necropsy were cultured on blood and MacConkey g agar plates and incubated for 18 hr at 37 C in the presence of 5% CO 2 . The pathotype of respective infecting E. coli isolates was confirmed using polymerase chain reaction.
Necropsy. At 12 hr postinoculation, 1 piglet was chosen for necropsy from each pair based on the development of clinical signs of diarrhea or at random if no sign of diarrhea was observed. Necropsy of the second piglet was performed at 36 hr postinoculation. Halothane h was administered to the selected piglet to a level of deep anesthesia, the piglet was then weighed, and the brachial artery was severed for exsanguination. The intact gastrointestinal tract was removed, and the presence or absence of congestion, fluid intestinal contents, and milk curd in the stomach was noted along with any other observed abnormalities. Tissues were collected for light microscopy and TEM.
Preparation of tissues for light microscopy. Samples were collected from the duodenum, upper, mid, and lower jejunum, upper, mid, and lower ileum, cecum, upper colon, and apex of the spiral colon. These were opened, laid flat on strips of radiographic film to prevent curling, and placed in 10% neutral buffered formalin for a minimum of 48 hr before trimming. Tissues were processed routinely and embedded in paraffin wax, and 4-m sections were stained with hematoxylin and eosin (HE) and with Brown and Brenn (B&B) modified gram stain.
Transmission electron microscopy. For each piglet inoculated with an E. coli strain, 1-cm sections of the intestine were removed from specific predetermined sites that were based on the observation of bacterial colonization by light microscopy in a preliminary study. For the nonaqueous fixation, tissue samples were placed on a wooden tongue depressor, 1-2-mm crosscuts were made, and then they were gently immersed in a solution of 1% osmium tetroxide dissolved in perfluorocarbon for 90 min, with changes of the solution at 10 and 60 min. Tissues were rinsed in pure perfluorocarbon to remove any unbound osmium tetroxide and were then immersed in 100% ethanol for 3 hr to remove all residual perfluorocarbon. Adjacent tissues were collected from all sites sampled, sectioned in the same manner, placed directly in glutaraldehyde, and held at 10 C. Sections of upper colon from the piglet infected with strain PD58, held in glutaraldehyde, were processed for TEM. Before processing, all tissues were placed in 0.2 M s-collidine buffer (pH 7.2-7.4) and kept overnight at 4 C. Next, tissues were placed in bicarbonate-buffered osmium (final concentration 2% OsO 4 and 1.25% NaHCO 3 ) for 1 hr at room temperature. They were then dehydrated using the following protocol: 10 min in 50% ethanol, 1 hr in saturated uranyl acetate (UrAc) in 79% ethanol, 10 min in 70% ethanol, and 10 min in 95% ethanol, followed by three 10-min washes in 100% ethanol.
Before embedding, tissues were rinsed 3 times for 5 min in propylene oxide, followed by immersion for 30 min in 1 part Epon/Araldite-2 parts propylene oxide and then 2 hr in 2 parts Epon/Araldite-1 part propylene oxide. Tissues were then placed in pure Epon/Araldite for 12 hr and then oriented in molds with the addition of fresh Epon/Araldite. Molds were held at 60 C for 4 days to allow for polymerization of the resin. Semithin sections (0.5-1.0 m) were cut, stained with toluidine blue, and examined using light microscopy for correct orientation and confirmation of bacterial colonization. Ultrathin sections (70-90 nm) were cut from areas where bacteria were in close proximity to the microvillus border of enterocytes, placed on copper grids, and stained by floating each grid on a drop of 2% UrAc with a drop of Triton X-100 for 30 min. They were then washed in distilled water and floated on a drop of Reynold lead citrate for 10 min. After a final wash in distilled water, the grids were left to dry for 12-18 hr before examination using a Phillips 410LS electron microscope. Agar-embedded E. coli. Ten milliliters of an 18-hr TSB culture of strain PD58 was concentrated by centrifugation, and 9.5 ml of the supernatant was discarded. The organisms in the pellet were warmed to 45 C in a water bath before the addition of a small amount (approximately 1.0 ml) of a 2% solution of agar in phosphate-buffered saline (PBS), pH 7.2, 0.1 M, and maintained at 45 C. The tube was immediately tilted to run the agar onto a cool slide. Once set, the agar was cut into 1-mm cubes and processed for TEM by the same nonaqueous perfluorocarbon fixation method used for the tissue sections as described above.
In vitro HEp-2 cell adhesion assay. The in vitro bacterial adhesion assay used was based on a previously described method. 17 Briefly, HEp-2 cells that had been maintained in fresh basal-medium Eagle (BME) tissue culture medium were grown in 8-chamber tissue culture plates i for 3 days at 37 C in the presence of 5% CO 2 . Cells were washed 3 times with Earle balanced salt solution, j followed by fixation of the cells in PBS containing 1% formalin (v/v) for 30 min at room temperature, and then overlaid with fresh BME. Each chamber was inoculated with 50 l of bacteria grown statically in peptone water for 16 hr at 37 C. The assay was done in triplicates of 2 independent experiments. Enteroaggregative E. coli (EAggEC) strain 17-2 was used as a positive control. The mixtures were incubated for 3 hr at 37 C, washed 3 times with PBS, resuspended in fresh BME, and re-incubated for 3 hr at 37 C. After a final wash as above, the cells were fixed in absolute methanol for 10 min, stained with Giemsa stain for 30 min, air-dried, and covered with a glass coverslip before examination by light microscopy. 15, 17 A total of 100 cells, in randomly selected fields, in each chamber were counted and determined to either have bacteria adherent or not.
Results
Experimental inoculation. The positive control strain PD30 induced a watery diarrhea within 4 hours of infection, and within 48 hr, a watery, secretory diarrhea occurred in all piglets inoculated with each of the 3 test strains. No sign of diarrhea was observed in piglets inoculated with negative control strain PD71. Aerobic and anaerobic bacterial cultures of all the preinoculation rectal swabs were negative for bacterial growth, suggesting that there was no environmental bacterial colonization of the gastrointestinal tract before experimental infection of the piglets.
Necropsy. At necropsy, the gross findings in all piglets inoculated with the different test strains were: milk curds filling the stomach, distension of the small intestine, cecum and colon with watery contents, and dehydration.
Light microscopy. Using B&B and HE-stained histology sections, gram-negative bacteria were: seen in close apposition to the mucosal surface of ileum, upper colon, and cecum in piglets inoculated with the test strains. Bacteria were observed to variably colonize the duodenum, upper and midjejunum, and lower colon and were most consistently detected colonizing the upper colon. Based on these observations, the upper colon was chosen as the preferred site for characterization of bacterial adhesion by electron microscopy.
Intestinal sections of piglets inoculated with the positive control strain PD30 showed the characteristic attachment of ETEC to epithelial cells (Fig. 1) , whereas few bacteria of strain PD71, used as negative control, were seen in close contact with the intestinal mucosa of inoculated piglets (results not shown).
In semithin plastic sections of the upper colon from piglets inoculated with strains PD58 and PD31, rows of bacteria were present within a wide band of mucus layered immediately above the apical surface of enterocytes (Fig. 2) . In semithin sections of strain PD149, heavy clustering of bacteria was seen adjacent to the apical surface of enterocytes (Fig. 3) .
Transmission electron microscopy. Examination by TEM of upper colon in piglets inoculated with strain PD149 revealed fine fimbria-like structures that were closely associated with the bacterial cell wall. These were extending and attaching to the microvillus border and to adjacent bacteria (Fig. 4) . In contrast, in piglets inoculated with strain PD58, the bacteria were stratified throughout a thick mucus layer closely associated with the microvillus border (Fig. 5 ). Although these 2 strains would appear to belong to the same pathotype (AIDA-I/STb/EAST1), their adherence patterns in vivo were different. In piglets inoculated with strain PD31, the transmission electron micrographs depicted a similar adherence pattern as with strain PD58. Partial or complete clear halos were frequently present around bacteria stratified within a mucous layer in close association with the glycocalyx above the microvilli (Fig. 6) .
Ultrastructural preservation. Detail of the glycocalyx was superior in the nonaqueous perfluorocarbon-fixed tissues. There was poor detail of the glycocalyx with routine glutaraldehyde fixation (Fig. 7a,  7b) . TEM of upper colon infected with strain PD31 fixed with glutaraldehyde and with perfluorocarbon demonstrated that there was neither loss in cellular detail nor artifact created with the perfluorocarbon.
Agar-embedded E. coli. The morphology of the bacteria colonizing the intestine of the neonatal pigs was consistent with that of E. coli demonstrated by strain PD58 embedded in agar, fixed with nonaqueous perfluorocarbon, and examined by TEM (Fig. 8) .
In vitro HEp-2 cell adhesion assay. When added to the epithelial cell monolayer, strain PD149 demonstrated the typical stacked brick adherence pattern characteristic of EAggEC (Fig. 10) , comparable with the positive EAggEC strain 17-2 (Fig. 9) . With bacteria adhering to more than 40% of the HEp-2 epithelial cells in the wells, the result was considered significant. 15 Only a few cells (less than 40%) cultured with strain PD31 or PD58 demonstrated adherent bacteria. Although the adherence patterns observed for PD31 and PD58 strains were suggestive of aggregative and diffuse adherence, respectively, the results were considered inconclusive.
Discussion
This study confirms that AIDA-I-positive E. coli strains can cause diarrhea in newborn pigs and demonstrates that these strains colonized the intestinal epithelial cells of pigs through differing methods. Although strains PD58 and PD149 share the same pathotype (AIDA-I/STb/EAST-1) and strain PD31 shares the same characteristics as ETEC with the exception of F4 fimbriae (LT/STb/EAST-1, serogroup O149), the colonization characteristics of these strains were novel. TEM of the upper colon of piglets inoculated with strain PD149 demonstrated fimbria-like structures attaching the bacteria to the microvillus border, whereas strains PD58 and PD31 colonized the upper colon through biofilm formation. No reports of biofilm colonization with isolates from field cases of neonatal colibacillosis in pigs were found. These observations suggest that the 3 strains investigated in the study may cause diarrhea through different mechanisms.
The E. coli strains investigated in this study possessed multiple characteristics such as the AIDA-I fac- tor of diffusely adhering E. coli (DAEC) and the presence of at least STb toxin of ETEC but demonstrated adherence patterns different from these groups of diarrheagenic E. coli. Strain PD58 exhibited features suggestive of DAEC classification in HEp-2 cell culture. This strain also was found to colonize the upper colon by formation of a biofilm, a feature reported for EAggEC. In addition, strain PD58 was positive for the ETEC enterotoxin STb and the DAEC adhesion factor AIDA-I. These observations suggest that the E. coli strains in this study may have undergone mutation or transfer of virulence factors, leading to the development of hybrid strains with characteristics of more than 1 diarrheagenic group.
AIDA-I is a nonfimbrial, mannose-resistant, 100 kD, autotransporter protein infrequently identified in human DAEC isolates; however, its role in the pathogenesis of human DAEC diarrhea has not yet been defined. 2, 3, 6, 12 AIDA-I has been identified in more than 25% of E. coli isolates from pigs with edema disease and postweaning diarrhea. 14 It appears that the detection of AIDA-I is neither predictive of any one class of E. coli nor associated with any specific mechanism of diarrhea.
In vitro, HEp-2 cell adhesion assay results for strain PD149 were positive for the characteristic stacked brick adherence pattern associated with EAggEC, 12 whereas the results for strains PD31 and PD58 were inconclusive with less than 40% of cells with adherent bacteria. For PD31 and PD58 strains, the patterns were suggestive of EAggEC and DAEC, respectively. 6, 15 The reliability of the HEp-2 cell adhesion assay for porcine diarrheagenic strains of E. coli has not been evaluated. The use of a porcine epithelial cell line may provide more definitive results for porcine strains.
Enteroaggregative E. coli, an emerging cause of acute and persistent diarrhea in humans worldwide, are defined as E. coli bacteria positive for the stacked brick adhesion pattern by HEp-2 cell adhesion assay but negative for the production of ETEC toxins (LT, STa, STb, and STh). Enteroaggregative E. coli enhances the secretion of mucus within which the E. coli become enmeshed, thus forming a biofilm. 6, 12, 18 The formation of this biofilm may permit EAggEC to persistently colonize the intestine in humans, resulting in subclinical infections and growth impairment in infants. Persistent mucosal damage or impaired nutrient absorption resulting from the biofilm may explain these effects. 12, 20 EAggEC biofilms may be capable of producing the same effects in pigs, leading to similar clinical problems.
Enteroaggregative E. coli have been described as adhering to each other and also directly to the microvillus border through either of 2 genetically characterized fimbrial structures called aggregative adherence fimbria 1 and 2 (AAF/1 and AAF/2), which are 2-3 m in diameter. 9 Although the fimbria-like structures seen with strain PD149 appeared morphologically similar to AAF/1 and AAF/2, this strain was negative for these factors. Further studies are required to clarify if they are genetically related.
Although some EAggEC strains possess EAST-1 toxin, the role of this factor in causing of diarrhea remains undetermined. 26 All the test strains used in this study were positive for the EAST-1 gene. 13 This gene has been reported in E. coli isolates from children, pigs, and calves with diarrhea, but a recent survey found EAST-1 distributed equally in both diarrheic and nondiarrheic piglets. 4 EAST-1 is not unique to EAggEC strains even in humans, being found in 40% of human EAggEC and in a similar proportion of nonpathogenic E. coli strains. 12 Escherichia coli is a remarkably versatile pathogen. The classification of diarrheagenic E. coli is based on toxin production and patterns of colonization, which are encoded by a variety of mobile genetic elements, such as plasmids, bacteriophages, transposons, and pathogenicity islands. 5, 12 These properties provide E. coli with a high level of genomic plasticity and may explain the generation of the 3 hybrid strains evaluated in this article. A final classification of the 3 strains in this study was not possible based on pathotype, TEM, and HEp-2 cell adhesion assay. These strains, nonetheless, produce clinical disease in neonatal pigs. Continued efforts to determine the pathogenesis of both EAggEC and DAEC infections should eventually lead to convenient, accurate, and inexpensive methods of identifying more pathotypes of diarrheagenic E. coli, thereby providing the tools to establish their significance in domestic animals and humans.
The mucous layer above the microvillus border of the intestinal tract contains domains of glycoprotein mucins that are able to interact with bacterial adhesions. 11 This study compared a nonaqueous fixation technique with routine glutaraldehyde TEM fixation to characterize bacterial adhesins. The nonaqueous fixation of tissues using a perfluorocarbon gave superior fixation of the glycocalyx and did not lessen cellular detail or create artifact. The glutaraldehyde-fixed tissues were held chilled for 4 months before processing, which may have allowed for some degradation of tissues but likely would not have accounted for all the discrepancies seen in the preservation of the glycocalyx.
In conclusion, this study shows that AIDA-I-positive E. coli isolates induce different colonization patterns in the intestine of piglets, suggesting that AIDA-I-positive isolates may cause diarrhea in piglets through varying mechanisms. Strain PD31 (pathotype LT/STb/EAST-1, serogroup O149) showed a colonization pattern similar to that observed with an AIDA-I-positive isolate, although this strain appeared genetically and serologically close to ETEC isolates. Overall, these and previous 13 results suggest that these 3 strains have mixed characteristics, likely the result of genetic rearrangement and may represent hybrids of ETEC, EaggEC, and DAEC.
